This study experimentally investigates aerodynamic characteristics and flow fields of a smooth owl-like airfoil without serrations and velvet structures. This biologically inspired airfoil design is intended to serve as the main-wing for low-Reynolds-number aircrafts such as micro air vehicles. Reynolds number dependency on aerodynamics is also evaluated at low Reynolds numbers. The results of the study show that the owl-like airfoil has high lift performance with a nonlinear lift increase due to the presence of a separation bubble on the suction side. A distinctive flow feature of the owl airfoil is a separation bubble on the pressure side at low angles of attack. The separation bubble switches location from the pressure side to the suction side as the angle of attack increases and is continuously present on the surface within a wide range of angles of attack. The Reynolds number dependency on the lift curves is insignificant, although differences in the drag curves are especially pronounced at high angles of attack. Eventually, we obtain the geometric feature of the owl-like airfoil to increase aerodynamic performance at low Reynolds numbers.
tian atmospheric flight vehicles [6] [7] whose cruise Reynolds number is in the order of Ο (10 4 ). Using a three-dimensional laser scanner, Liu et al. [8] measured the surface geometry of several avian wings including the owl wing to extract the wings' geometrical properties including the camber line, thickness distribution, planform, chord distribution, and twist distributions. Compared with other avian wings, the cross-sectional shape of the owl wing is a unique structure that is characterized by very thin wing thickness and high camber. Schmitz et al. de- scribed an airfoil with geometric features that achieves high aerodynamic performance at low Reynolds numbers [9] [10] , which coincides with the geometric features of the owl wing. This present study investigates the aerodynamic characteristics of an owl-like airfoil that approaches the flight Reynolds numbers of an owl wing. However, unlike the actual owl wing that is characterized by serrations, a velvet and training-edge fringe structure [11] , and aeroelastically deformable feathers, the owl-like airfoil design of this study is solid and smooth.
Kondo et al. [12] conducted two-dimensional laminar analyses of the smooth owl-shape airfoil provided by Liu et al. [8] at Re = 23,000. They investigated the basic aerodynamic characteristics and flow fields around the airfoil and compared that with the Ishii airfoil [13] , which is considered the frontrunner candidate for the main-wing airfoil of the Japanese Mars airplane. However, the airfoil shape of their computational model is virtual since zero thickness is assumed in the vicinity of the trailing edge. Furthermore, a laminar separation is likely to occur with such a low Reynolds number along with the formation of a laminar separation bubble when the separated share layer transits from laminar to turbulent and reattaches to the surface [14] . A behavior of the laminar separation bubble directly connects to the aerodynamic performance since it forms a strong negative pressure region on the surface and causes a nonlinear lift curve [15] .
Thus, experimental investigations are required because the prediction accuracy of the reattachment point of the separation bubble is insufficient in the two-dimensional laminar analysis.
With a view to the main-wing airfoil design such as MAVs based on the biomimetics, the aim of the present work is to experimentally determine the Reynolds number dependence on the aerodynamic performance of an owl-like airfoil at low Reynolds numbers and to investigate the flow fields that lead to aerodynamic change using flow visualization.
Experimental Setup and Condition

Owl-Like Airfoil
The geometry of the test model airfoil in this study and that of the owl airfoil given by Liu et al. [8] are compared in Figure 1 Figure   2 . There were also slight differences in shape on the lower surface of the model (x/c = 0.2 -0.6). Regardless, the baseline of the owl wing was reproduced as closely as possible and any effects on measurement were negligible since deviation in design was less than 1% of the chord length. The geometry of the test model, which is denoted by the black dash line in Figure 1 , is measured using a noncontact three-dimensional laser scanning system (KONICA MINOLTA RANGE7) with 4 μm measurement accuracy.
Aerodynamic Force Measurement
A series of experiments were performed using an open-circuit low-speed wind tunnel at Kyushu University. The rectangular cross section of the test section was 180 mm × 360 mm. The test section was covered on every side with an acrylic sidewall. Turbulence intensity was approximately 0.3% at 5.0 m/s. Lift and drag measurements were made by vertically mounting the airfoil model on the test section and attaching a three-component microforce balance system (LMC-3501-5N, NISSHOELECTRIC-WORKS) at the bottom of the test section. Each related load of the balance system was set at 5 N for the lift and drag forces, and 0.5 Nm for the momentum. The uncertain accuracy of the aerodynamic force measurements is estimated at approximately 0.2%, based on our micro-force calibration tests. Lift and drag forces were calibrated beforehand using standard weights. The test model was installed in the test section with a gap of 0.5 mm between the sidewall and the model tip in accordance with Rae and Pope [16] , who indicated that the gap should be lower than 0.5% of the span, and Burns and Mueller [17] , who showed that gap sizes between 0.1 and 1.4 mm were acceptable and should not affect the results.
Flow Visualization
The same setup for the test model was used to perform the smoke visualization Journal of Flow Control, Measurement & Visualization Figure 3 illustrates the aerodynamic force characteristics at Re = 23,000. Error bars indicate standard deviations of three repeat measurements. As shown in Figure 3 , the standard deviations are negligibly small, indicating highly reproducible measurement results. For purpose of comparison, CFD results of the two-dimensional laminar analyzes [12] were also plotted.
Experimental Condition
Results and Discussions
Aerodynamic Characteristics
With respect to lift measurements, the experimental results in Figure 3 ,000) has a lift curve slope that is much lower than 2 πα due to trailing-edge separation on its suction side and attached flow on its pressure side [18] . In contrast, the lift curve in Figure 3 The difference in the drag coefficients between the experimental and CFD data was relatively significant. The measured drag force is only approximately 0.01 N, which is a minute force outside the guaranteed range of the microforce balance system that we used. In our preliminary force-calibration test, the linearity between the voltage and the drag force is sufficiently ensured at around 0.01 N.
However, it is considered to be a region where drag force measurement becomes difficult due to deterioration of a signal-to-noise ratio. Although measurement error and the two-dimensional laminar-flow assumption in the CFD result might be accounted for in the results, we deduced that the most likely explanation for the difference in drag forces is the difference in their thickness at the trailing edge. As described above, the experimental test model had a thickness of 1.25% at the trailing edge. A strong negative pressure region formed on the surface, which is attributed to the thickness at the trailing edge, and thereby acted as a backpressure causing an increase in the drag force. Consequently, the experimental drag coefficients are larger than that of the CFD as shown in Figure 3 
Flow Field around Airfoil at Re = 23,000
Visualization of the flow fields on the suction side of the airfoil by a smoke wire method at Re = 23,000 from α = 1 deg to 13 deg is shown in Figure 6 . Here a separation, transition, and reattachment are denoted by S, T, and R, respectively. 
Conclusions
In this study, we performed aerodynamic measurements and flow visualizations of the smooth owl-like airfoil without serrations and velvet structures at low Reynolds numbers using a low-speed wind tunnel. The Reynolds number dependency Journal of Flow Control, Measurement & Visualization In general, increase in pressure drag is associated with a laminar separation or formation of a separation bubble on the pressure side. Hence, to reduce drag, these types of flow phenomena would need to be suppressed. However, the owl airfoil exhibited high lift to drag ratios using its strong undercamber, especially from x/c = 0.2 to 0.6, and thereby taking advantage of the separation bubble on the pressure side. Information from these experiments will prove to be useful to aerodynamic studies of low-Reynolds-number biomimetic wings and flapping wings for MAVs.
